Here we describe an immunosensing method, which is designed for high sensitivity sensing of various substances utilizing specificity of antigen-antibody (ELISA-type) interaction. The building up of the nanostructured sensing interface and the immunointeraction at the surface were characterized by atomic force microscopy. The proposed design makes potentially feasible attaining ultimate single-molecule sensitivity upon optimization of the system. The first non-optimized prototype described here has already demonstrated sensitivity to the presence of dinitrophenyl (DNP) in concentrations as low as 10 pM, which is 100 times better than reported limits of detection of DNP with a traditional enzyme-linked immuno-sorbent assay setup.
Introduction
There is an obvious need in a high sensitivity detector/sensor of various harmful substances, for example, explosives or street drugs [1] [2] [3] [4] [5] .
Ideally, such a detector would be rather sensitive, fast, accurate, a sensor that will be able to operate in difficult, contaminated environments. From this point of view, a prospective platform for development of such a sensor is various immunosensing based on antibodyantigen interactions, which are broadly used nowadays [6, 7] . Due to high specificity of such antibody-antigen interaction, a sensor based on those principles could be a good choice to attain the analysis of explosives, toxins and drugs [8, 9] . Different transduction techniques are used to follow immunospecific reactions on interfaces including impedance spectroscopy [10] , quartz crystal microbalance [11] and surface plasmon resonance [12] . One of the most popular classes of immunosensors, enzyme-linked immunosorbent assay (ELISA) has shown its success in medicine and biology [13] . ELISA sensors detect the presence of either antibody or an antigen in a sample. The tag, which indicates the antigen-antibody affinity, can either be an enzyme or a fluorescent dye [14] . Consequently, either products of enzymatic reaction or directly fluorescence is detected. In all ELISA types of sensors, the tags are finally attached to the surface, on which its presence is detected. Such a design is good for many applications. However, it is not an optimum for a high resolution detection or for continuous operation of the sensor.
Here we describe a prototype of a sensing design, which might be called 'remote ELISA', which is suitable for both high resolution, fast detection and for long autonomic operation. The molecular design is similar to what was used in indirect competitive ELISA configurations [15] , while the detection design has similarity with flow immunoassays [16] . Our results indicate that we can routinely attain sensitivity at the limit of ∼10 pM, which is about 100 times better than reported by Oubiña et al [15] for the detection of dinitrophenyl, the analyte used in this work. After optimization, we hope to reach the ultimate resolution of a single molecule, which seems to be feasible when at least dealing with the fluorescent method of detection [17] . To characterize the molecular arrangement on the sensor interface, we used the atomic force microscopy (AFM) method, a technique that was used to study bio and immunosensors [18, 19] . To do that, we analyzed the forces acting between the AFM probe and the molecules located on the detection surface [20, 21] . Using such an analysis, one can extract the information about molecular drafting density and the length of the molecules.
Experimental details

Chemicals and reagents
All biomaterials and most chemicals were purchased from Sigma-Aldrich and used as supplied: monoclonal dinitrophenyl (DNP)-antibody (produced in mouse), antimouse IgG-horseradish peroxidase (HRP)-conjugate (antibody produced in goat), anti-mouse IgG-fluorescein isothiocyanate (FITC)-conjugate (antibody produced in goat), 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid sodium salt (HEPES), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), 2,2 -azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) diammonium salt (ABTS), (3-aminopropyl)triethoxysilane (APTES), Nε-(2,4-dinitrophenyl)-L-lysine hydrochloride (DNP-antigen). Ultrapure water from NANOpure Diamond (Barnstead) source was used in all of the experiments. • C. Then the silanized surface was washed first with toluene and later with ethanol and water to remove unreacted materials. In order to attach covalently the DNP-antigen moieties, the amino-functionalized surface of the silanized glass slides was reacted with Nε-DNP-L-lysine (DNP-antigen), 3 mM, solution in 0.1 M HEPES aqueous buffer, pH = 7.3, in the presence of EDC, 10 mM, for 3 h, followed by washing with HEPES buffer. Then the DNPantigen-functionalized surface was reacted with monoclonal DNP-antibody, 2.5 μg ml −1 , in 10 mM Na-phosphate buffer, pH = 7.0, for 1 h, followed by washing the surface with phosphate buffer. The surface-immunocomplex consisting of DNP-antigen/DNP-antibody was further reacted with a secondary antibody containing an enzyme or a fluorescent label: anti-mouse IgG-HRP-conjugate or anti-mouse IgG-FITC-conjugate, 0.1 μg ml −1 , in 10 mM Na-phosphate buffer, pH = 7.0, for 1 h, followed by washing the surface with phosphate buffer to remove unbound materials.
Immobilization of DNP-antigen/DNP-antibody
Immunoassay using the functionalized surfaces
The glass slides functionalized with DNP-antigen and loaded with DNP-antibody/IgG-labeled antibody (the labels are HRP or FITC) were reacted with different concentrations of DNPantigen in 10 mM Na-phosphate buffer, pH = 7.0, 0.5 ml for 5 min. The reacting solution was removed from the immunofunctionalized glass and then analyzed for the presence of the labeled IgG antibody. In case of the HRP-labeled IgG antibody the solution removed from the glass was reacted with H 2 O 2 , 0.05, and ABTS, 4.5 mM, recording for 10-600 s. The biocatalytically oxidized ABTS was analyzed by measuring absorbance at λ = 405 nm using a Shimadzu UV-2450PC spectrophotometer. IgG-FITC-labeled antibody removed from the surface was detected by Cary fluorescent spectrometer (Varian, Inc) using excitation at λ = 475 nm and measuring light emission integrated within λ = 510-520 nm.
Atomic force microscopy
A Nanoscope™ Dimension 3100 with Nanoscope IIIa controller (Digital Instruments/Veeco, Inc., Santa Barbara, CA) atomic force microscope (AFM) was used in the present work to study the molecular arrangement on the sensor surface. Specifically, we measured forces acting between the AFM probe and the sensor surface to extract information on the length of the molecules and their grafting density on glass surface. To collect sufficient statistics, the force-volume mode of operation was utilized. The force volume mode provides the force curve data at an array of points on the surface of interest. Here we used the force data collection on a 16 × 16 array of surface points equally spaced on an area of 1 × 1 μm 2 . Each force curve was recorded with 512 data points. The AFM probe moves slowly up and down during the force collection (with a frequency of 2 Hz) to avoid hydrodynamic effects. Standard silicon nitride integrated pyramidal tips (DI/Veeco, Inc.) were used in this study. The spring constant of the cantilevers was k ∼ 0.04 N m −1 . (It was found by a resonance method using a built-in option in the AFM software.) The radius of curvature of the tips was estimated at 40 nm by scanning of the inverse grid (TG01, NT-NDT, Inc., Russia), which produced an inverted image of the AFM tip [20, 21] . To remove possible contaminations of the tip material, the tip was treated with a short-wavelength UV light for 2 min before each experiment. A standard cantilever holder cell for operation in liquids was employed. The AFM software used was version 5.12, release 4.
Results and discussions
AFM control of the sensor surface on a molecular level
Reaction of the glass surface with (3-aminopropyl)triethoxysilane (APTES) resulted in the formation of a siloxane thin-film covalently bound to the surface and offering Further reaction with the secondary labeled antibody (IgG-HRP or IgG-FTIC) yielded the triple-immunocomplex composed of DNPantigen/DNP-antibody/IgG-label-conjugate. Figure 1 (B) shows schematically (up to the scale) the molecular assembly generated on the surface (specifically in case of IgG-HRP). A similar biomolecular system at an interface was used before to evaluate performance of different immunosensing transduction tools (microbalance, spectral, electrochemical), assuming that the DNP-antigen can be used as a model analyte for nitro-containing aromatic explosives (e.g. TNT) [22] [23] [24] [25] . It should be noted that all previous studies aimed the analysis of the immunocomplex formation/dissociation at modified interfaces. Upon reacting the antibody-loaded immunosensing surface with the analyte DNP-antigen, a part of the surface-confined antibody units was released from the surface due to competitive binding to the soluble DNP-antigen, thus resulting in the interfacial changes sensed by various techniques.
However, the immunosensing thin-film was never characterized at a nanolevel resolution.
The AFM is a versatile tool to test quality of the prepared surface on a molecular level [19, [26] [27] [28] ]. Here we demonstrate how the AFM method can corroborate the molecular level of changes on the immunosensor surface. We used the force analysis to extract the information about grafting density and the length of the molecular layer on the solid substrate. Such technique has been applied to study surfactant films [28] and Figure 2 . AFM force curves measured for three different cases: on bare glass slide, on completely assembled sensor surface and on the sensor surface after it was treated with antigen. Each force curve is the average over ∼100 force curves over a region of 1 × 1 μm 2 .
molecular brushes on the surface of biological cells [29] . Briefly, the force of interaction between the AFM tip and the sensor surface is measured. Figure 2 shows averaged force curves measured for three different cases: on a bare glass slide prior to its modification, on a completely assembled sensor surface composed of DNP-antigen/DNP-antibody/IgG-HRP, and on the sensor surface after it was treated with the DNP-antigen resulting in the removal of DNP-antibody/IgG-HRP from the surface because of the competitive binding to the soluble DNP-antigen. When molecules are forming a brush-like structure on the surface, figure 1(B) , the force acting between a probe and rigid surface coated with such molecules can be well approximated by an exponential law [29] [30] [31] . When the radius of curvature of the AFM tip R is noticeably larger than the thickness of the molecular layer L, the tipmolecular layer contact can be considered as a contact of the molecular layer with a spherical apex of radius R. Using classical Derjaguin approximation, one can get the force of interaction between such AFM probe and flat molecular layer as follows [32] :
Here N is the surface density of the molecules in the molecular layer (grafting density), h is the tip-solid substrate distance, and T is the temperature. Equation (1) is a valid description for 0.2 < h/L < 0.8. Figure 3 shows the force dependences in logarithmic scale for the cases of completely assembled sensor surface, and of the sensor surface after it was treated with the antigen. One can easily recognize a straight line corresponding to the exponential law in the both cases, in particular, figure 3(A) . The total length of the molecules on the sensor surface L and grafting density N are fallen from the fit using equation (1) . It is found that L before = 60 nm and L after = 36 nm, before and after the treatment with DNP-antigen, respectively. Corresponding grafting densities are N before = 1.1 × 10 −2 nm −2 , N after = 2.3 × 10 −2 nm −2 . The latter implies that the distances between the molecules are approximately 9.5 and 6.5 nm for the surfaces before and after the treatment with the antigen. These seem to be reasonable numbers based on the molecular dimensions of the used materials. To illustrate the molecular composition of the thin-film we draw a schematic of the molecular arrangement before and after the treatment, figure 4 . Comparing the lengths of the molecular layers before and after the treatment with antigen, one can derive the length of the removed antibody complex as 24 nm (L before -L after ), which is also in a fairly good agreement with the expected from the antibody dimensions of 32 nm (see figure 1(B) ). This discrepancy is presumably explained by the fact that fitting of the molecular layer after the treatment with DNP-antigen (removal of antibody) with equation (1) is not as accurate as that before the treatment. It can be seen from the calculated deviation between equations (1) and the experimental data, which is characterized by the 'reduced chi-square'. This quantity is equal to 4.5 × 10 −6 for the fitting before the treatment, figure 3(B) , and ∼26 times worse, 1.2 × 10 −4 for the fitting after the treatment, figure 3(B) . The reason for such an increase in the deviation presumably comes from the fact that the molecular layer on the glass (the DNP-antigen and polysiloxane thin-film) surface is too dense, and consequently, acts as an elastic medium rather than a brush. Such a medium can be treated with classical Hertizan model applied to the AFM [19, 33] . The inset in figure 3(B) shows the rigidity (Young's) modulus versus penetration of the probe if we treat the molecular layer as an elastic medium. One can see that the modulus is almost constant (∼0.5 MPa) for small penetrations. Considerable increase of the modulus is observed for the penetrations of ∼25 nm, which is expected due to the presence of rigid glass substrate. From this we can roughly estimate the thickness of the DNP-antigen and polysiloxane layer as 25 nm. This will end up in 35 nm (L before − 25 nm) thickness of the removed antibody complex, which is closer to the expected 32 nm than the estimation from the brush model. More precise modeling of the molecular layer will be done in future works.
To conclude, we used the AFM method to characterize the sensor surface before and after the treatment with DNP-antigen (removal of the DNP-antibody/IgG complex), and to verify the work of the molecular machinery considered in this paper. We clearly see the removal of polyclonal secondary antibodiesmonoclonal antibody complex. 
Antigen detection
As we see in section 3.1, the treatment of the immunocomplexfunctionalized surface with the soluble DNP-antigen analyte results in the dissociation of the DNP-antigen/DNP-antibody complex associated with the surface and the competitive binding of the removed DNP-antibody to the soluble DNPantigen.
DNP-antibody removed from the surface is also associated with the secondary antibody labeled with either enzyme or fluorescent dye: IgG-HRP or IgG-FTIC, respectively. Thus, the immunocomplex in the solution is composed of DNP-antigen/DNP-antibody/IgG-HRP (or FTIC) where the biocatalytic properties of the tagged enzyme (HRP) or fluorescent properties of the tagged dye (FTIC) are used to detect the complex in the solution. In the presence of ABTS and hydrogen peroxide, HRP catalyzes oxidation of ABTS resulting in the increased absorbance in the range of λ = 400-440 nm [34] . This reaction proceeds only in the presence of HRP, thus it can be used to detect the HRPlabeled immunocomplex in the solution when it is removed from the interface. Figure 5 shows time-dependent increase of the absorbance, λ = 405 nm, upon biocatalyzed oxidation of ABTS after the HRP-labeled immunocomplex was removed from the surface in the presence of different concentrations of DNP-antigen analyte. Figure 5 , inset shows the calibration plot in the form of the reaction rate dependence on the concentration of the applied DNP-antigen analyte. The detection limit (without optimization of the procedure) is as low as 10 pM, which is already comparable with the best commercial ELISA procedures. The sensitivity is still limited by the background oxidation of ABTS in the absence of HRP.
Another experiment with the immunocomplex labeled with a fluorescent dye (FTIC) shows a better sensitivity, figure 6 . Even with 10 pM concentration of DNP-antigen used to remove the dye-labeled immunocomplex from the surface we are still noticeably higher than the noise level of signal (zero concentration of DNP-antigen analyte).
The later method is in particular prospective for the development towards the further increase of sensitivity, for attaining the single-molecule resolution. In contrast with a standard ELISA-type of sensors, our sensor can work in the regime of continuous monitoring, if it is connected to any fluidic device in which the analyte is continuously flowing over the sensor surface. Secondly, the analyte can further be analyzed against the presence of fluorescent markers. Such an analysis is done with respect to a zero-background level, which in combination with high sensitivity of fluorescent measurements makes it feasible to attain single-molecule sensitivity [17] .
Conclusions and perspectives
We demonstrated a new design of a high resolution sensor based on highly specific antigen-antibody (ELISA-type) molecular machinery. While the ELISA-type of sensors work via detection of analyte bound to a surface, here it is detected in the solution bulk. This design allows: (1) continuous sensing as the surface with the sensing antibodies can be used until the antibodies are completely removed, (2) attaining rather high resolution. Our first non-optimized prototype has already demonstrated sensitivity to analyte at the level up to 10 pM. This is comparable to the best commercial ELISA procedures, which have been optimized for several decades. Furthermore, it is in principle feasible to approaching the ultimate singlemolecule sensitivity when using florescent markers. This is because we detect the antigen-antibody complex against zerosignal background in the bulk solution.
Finally, it should be noted that the analyte DNPantigen was used as a model compound for nitro-aromatic explosives (e.g. TNT). In a real analysis, samples of air potentially contaminated with explosives or toxic materials will be pumped through an aqueous solution to dissolve the analyte molecules, then the solution will be reacted with the immunosensing interface resulting in the release of the labeled immunocomplex. The remote detection of the immunocomplex by the biocatalytically produced absorbance changes or by fluorescence will signal about the presence of the analyte in air. The system will allow continuous monitoring of the environment.
